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Resource allocation to vegetative versus reproductive
structures in Piper sp.
Melissa M. Martinko
Department of Biology, University of New Hampshire

ABSTRACT
Resource allocation theory in plants dictates that resources utilized for one physiological process are unavailable for
another, and that plants must selectively allocate critical resources in order to maximize their fitness. Therefore, resources
allocated to reproductive growth are unavailable for vegetative growth and vice versa. The relationship between vegetative
and reproductive growth was examined for a common Piper species found in San Luis, Monteverde, Costa Rica by
comparing the size of leaves with opposing inflorescences on the same node to the size of leaves without opposing
inflorescences on the same node. A total of 18 Piper plants with mature inflorescences were sampled, eight in forest edge
locations and ten in forest understory locations. There was no difference in average length (t = -0.695, df = 358, P =
0.4877) or average width (t = 0.271, df = 358, P = 0.7864) between leaves with opposing inflorescences and leaves without
opposing inflorescences. Thus, resource allocation to reproduction did not translate into a reduction in vegetative
production of leaves in Piper sp. Alternatively, diversion of resources to reproduction may manifest itself as a reduction in
other vegetative structures such as roots or stems, or as a reduction in other plant processes such as herbivore and pathogen
defense.

RESUMEN
La teoría de la repartición de recursos en las plantas dicta que los recursos utilizados para un proceso fisiológica no están
disponible para otro, y que las plantas tienen que repartir los recursos críticos selectivamente para maximizar su fitness. Por
lo tanto, los recursos repartidos para el crecimiento reproductivo no están disponible para el crecimiento vegetativo y
viceversa. Se examinó la relación entre el crecimiento vegetativo y el crecimiento reproductivo para un especie común de
Piper que se encuentra en San Luis, Monteverde, Costa Rica por comparación entre el tamaño de las hojas con
inflorescencias opuestos en el mismo nódulo con el tamaño de las hojas sin inflorescencias opuestos en el mismo nódulo.
Se medió un total de 18 plantas de Piper sp. con inflorescencias maduros, ocho en sitios de sotobosque del bosque y diez en
sitios del borde del bosque. No había una diferencia en los largos medios (t = -0.695, df = 358, P = 0.4877) o los anchos
medios (t = 0.271, df = 358, P = 0.7864) entre las hojas con inflorescencias opuestas y las hojas sin inflorescencias
opuestas. Los resultados indican que la repartición de los recursos para la reproducción no se tradució en la reducción de la
produción vegetativo de las hojas de Piper sp. Como alternativo, la diversión de los recursos para la reproducción puede
manifestarse como la reducción de ortos estructuras vegetativos (e.g., los raíces, los tallos), o como una reducción en otros
procesos de las plantas (e.g., defensa contra herbívoros y patogenos).

ALL PLANTS REQUIRE A CERTAIN SET OF RESOURCES in order to support their wide array of physiological
processes (Herms & Mattson 1991). Most of these resources, including carbon, water and nutrients,
must be drawn from the surrounding environment (Bloom et al. 1985). Once a plant acquires any
resource from the environment, it must decide what to do with that resource: The plant can either store
the resource internally for later use, or use the resource immediately in the production of various
structures, including vegetative structures such as leaves, stems and roots (Bloom et al. 1985);
reproductive structures such as flowers, fruits, and seeds (Reekie & Bazzaz 1987); and defensive
structures such as thorns, spines and secondary chemical compounds (Herms & Mattson 1991). What a
plant does with a given resource depends upon many factors, including the current climactic state and
the relative abundances of different limiting resources in the environment (Bloom et al. 1985). This
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concept of a finite supply of resources available to a plant, which necessitates the selective allotment of
resources to different activities, is referred to as resource allocation theory.
The central discussion of resource allocation theory in plants has concerned the division of
resources between vegetative and reproductive functions (Herms & Mattson 1991). The purpose of
vegetative growth has been designated as the accumulation of resources; thus vegetative structures
include all plant parts directly involved in resource capture, including the leaves and the root and stem
material required to support them (Reekie & Bazzaz 1987). The purpose of reproductive growth has
been defined as an increase in current levels of reproduction, and thus includes flowers and seeds and
their associated protective structures (Reekie & Bazzaz 1987). Resource allocation theory assumes that
vegetative and reproductive growth compete for the same resources within a plant, such that an
increase in either activity results in a decrease in the other (Reekie & Bazzaz 1987). Thus, there exists
a trade-off between resources allocated to growth and resources allocated to reproduction (Herms &
Mattson 1991).
Several studies have sought to elucidate the mechanism by which plants allocate their resources
between vegetative and reproductive function; however, the results of these studies have not been
consistent. Some studies have shown evidence of a decrease in vegetative growth that occurs
simultaneously with an increase in reproductive growth (Homlsgaard 1955, Gross 1972, Harper &
White 1974, Piñero et al. 1982, Luken 1987). For example, a study in Ontario, Canada documented a
reduction in crown foliage of the birch tree species Betula alleghaniensis and B. papyrifera during
times of high seed production (Gross 1972). Nonetheless, other studies do not confirm the traditional
predictions of resource allocation theory (Reekie & Bazzaz 1987, Herms & Mattson 1991). Yasumura
et al. (2006) found that there was no difference in leaf growth for the tree species Fagus crenata
between reproductive mast years and intervening non-mast years in a forest in Northeast Japan.
Therefore, a reduction in vegetative growth may not be a universal feature of plant reproduction.
This study examines the relationship between vegetative and reproductive growth in Piper sp.
and thus searches for the presence of resource allocation. According to resource allocation theory, any
resources that Piper sp. allocates to the vegetative production of leaves will be unavailable for the
reproductive production of inflorescences, and vice versa. Thus this study predicts that in Piper sp.,
where a single branch node possesses both an inflorescence and a leaf, the presence of the
inflorescence should translate into reduced dimensions of the adjacent leaf, when compared to leaves
that are not adjacent to inflorescences.

METHODS
STUDY SITE. – This study was conducted in San Luis, Monteverde, Costa Rica. San Luis is located on
the Pacific slope of Costa Rica, approximately 1000 meters above sea level (Timm & LaVal 2000).
Data were collected over a ten-day period from November 5 to November 14, 2009. During this time,
the climate coincided with the beginning of what has been described as the “transition season,” which
occurs between the traditional wet and dry seasons in the San Luis area. The transition season begins
in November and lasts until January, and is characterized by strong northeasterly trade winds and
primarily wind-driven precipitation and mist (Clark et al. 2000). Both forest understory and forest
edge locations were considered in this study. The forest understory locations were located along
Camino Real, a trail maintained by the Ecolodge San Luis at the University of Georgia Costa Rica
Campus. The forest edge locations were located alongside a dirt road running from the Ecolodge San
Luis toward the San Luis waterfall.
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STUDY SPECIES. – This study investigated one species of the plant genus Piper (Piperaceae). The Piper
genus is pantropical, with the majority of the five hundred species found in the New World tropics
(Burger 1972). Piper plants are common members of the tropical forest understory, and can have
growth forms ranging from small herbaceous plants to small trees (Burger 1972). Most are small
shrubs between one and three meters tall (Burger 1972), a description fitting the species utilized in this
study. All Piper species have solitary spike inflorescences containing small, densely-packed flowers
(Fleming 1983). The inflorescences are leaf-opposed (Fleming 1983), meaning that any inflorescence
emerging on a branch is located on a node from whence a leaf also emerges in the opposite direction.
This property allows the quantification of vegetative versus reproductive resource allocation in Piper
species, via comparison of leaves having an opposing inflorescence with leaves lacking an opposing
inflorescence. Since differences in leaf size were used as a measure of vegetative growth and leaves
are directly involved in the capture of carbon dioxide from the environment, carbon was the “currency”
of allocation implicit in this study (Reekie & Bazzaz 1987).
DATA COLLECTION – Eighteen plants of one species of Piper were selected for this study. Eight plants
were located in forest edge locations and ten plants were located in forest understory locations, as
described above. Only reproductive plants with mature inflorescences were considered, as this allowed
comparison of vegetative and reproductive allocation both within an individual plant and between all
plants sampled. Inflorescences were distinguished from infructescences using a 14x hand lens.
Infructescences were not considered in this study in order to eliminate any variation they might
introduce.
For each plant selected, the lengths and widths of ten leaves with opposing inflorescences and
ten leaves without opposing inflorescences were measured to the nearest hundredth of a centimeter
using a caliper (Best Value Steel Caliper, H420226). Thus, a total of 360 leaves were sampled. To
ensure consistency across measurements, length was measured from the tip of the leaf to the lowest
point of the asymmetrical leaf base, and width was measured at the widest point of each leaf. All
leaves were selected from the same range of branch heights (120 to 150 cm) to control for the effects of
leaf-location on the plant. Additionally, all leaves were located on the second node from the branch tip
to control for the effects of leaf-age. For the ten leaves per plant with opposing inflorescences, the
lengths of the inflorescences (excluding the peduncle) were measured with a caliper (Best Value Steel
Caliper, H420226) to the nearest hundredth of a centimeter. Plant height for each individual plant was
also recorded to the nearest centimeter using a tape measure.
STATISTICAL ANALYSIS. – T-tests were performed to compare the average lengths and widths of leaves
with opposing inflorescences to leaves without opposing inflorescences, as well as differences in leaf
size and inflorescence height between Piper plants found in forest understory and forest edge locations
(JMP Version 5.0.1a, 2002). Linear regression analyses were used to relate leaf length and leaf width
to inflorescence height (JMP Version 5.0.1a, 2002).

RESULTS
There was no difference between the lengths of leaves with opposing inflorescences and leaves without
opposing inflorescences (t = -0.695, df = 358, P = 0.4877; Figure 1). Nor was there a difference
between the widths of leaves with opposing inflorescences and leaves without opposing inflorescences
(t = 0.271, df = 358, P = 0.7864; Figure 1). Therefore, a reduction in leaf growth was not observed.
Additionally, inflorescence height was not correlated with either leaf length (F1,178 = 2.3163, P =
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0.1298, R2 = 0.01285; Figure 2) or leaf width (F1,178 = 3.5180, P = 0.0623, R2 = 0.01938; Figure 3).
The average leaf widths and inflorescence heights were similar for Piper plants found in forest
understory and forest edge locations (leaf widths: t = -1.399, df = 358, P = 0.1627; inflorescence
heights: t = 1.637, df = 178, P = 0.1034; Figure 4). However, the leaf lengths of Piper plants in the
forest understory were larger, on average, than the leaf lengths of Piper plants in the forest edge
locations (t = -8.776, df = 358, P < 0.0001; Figure 4).

DISCUSSION
This study aimed to demonstrate the differential allocation of resources between vegetative and
reproductive function in Piper sp., specifically that the presence of an inflorescence would divert
resources from vegetative growth and thus lead to a reduction in leaf dimensions. However, data
analysis revealed that there was no difference between either the lengths or the widths of leaves with
opposing inflorescences and those without opposing inflorescences. Since no reduction in leaf size
was observed, allocation to reproductive function in Piper sp. does not result in reduced allocation to
vegetative growth, at least in the form of leaves. Furthermore, when leaves with opposing
inflorescences were considered alone, there was no correlation between either leaf length or leaf width
and inflorescence height. Thus, larger inflorescences, which presumably would require more allocated
resources to produce, did not translate into smaller leaves. This further exemplifies that resource
allocation to reproduction in Piper sp. does not cause reduced leaf growth.
Several factors could explain the lack of evidence for differential resource allocation between
vegetative structures and reproductive structures in Piper sp. Although a decrease in leaf size was not
observed in this study, it is possible that a reduction in the size of other vegetative structures had
occurred. For example, Piper sp. stem and root growth could have been influenced by investment in
inflorescences. Many studies have documented this occurring in other plant species. Homlsgaard
(1955, in Harper and White 1974) found that the masting tree species Fagus sylvatica showed a
reduction in annual ring width during years with reproductive masting events; Luken (1987) showed
that seed-bearing colonies of Rhus typhina also experienced a reduction in annual ring width, as well as
a reduction in terminal stem length; Piñero et al. (1982) found that mature palm trees of the species
Astrocaryum mexicanum allocated increasing amounts of resources to reproduction at the expense of
root growth. Further studies of resource allocation in Piper sp. should consider the effects of
reproduction on all types of vegetative growth, not just leaves.
Moreover, a plant may not sacrifice its vegetative growth at all, and instead may divert
resources from other physiological processes to facilitate reproduction. Reproduction may come at the
expense of plant defensive mechanisms, meaning less carbon is available for the plant to invest in
protection against herbivores and pathogens (Herms & Mattson 1991). For instance, a decrease in the
production of carbon-based defensive compounds, such as phenolics and terpenoids, may be associated
with an increase in the production of reproductive structures (Mattson 1980). Thus, a reduction in
vegetative growth may not always be an adequate indicator of resource allocation in plant species.
Since many species in the Piperaceae family are known to produce secondary compounds with antiherbivore properties (Navickiene et al. 2007), it would be interesting to examine whether the levels of
these compounds in Piper leaves decrease when inflorescences are present. To investigate this
possibility, future studies could either look directly for a reduction in secondary chemical compounds
in the leaves of reproductive Piper plants, or indirectly for increased levels of herbivory in those same
leaves.
Another factor that needs to be taken into consideration is the plant's capacity to compensate for
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the carbon costs of reproduction through reproductive photosynthesis. More specifically, the ability of
reproductive structures to supply some of their own carbon may lead to less diversion of resources
from other plant functions (Reekie & Bazzaz 1987). For example, Reekie and Bazzaz (1987) found
that the reproductive plants of Agropyron regens experienced an increase in overall photosynthetic rate,
which they attributed partly to photosynthesis occurring within reproductive structures themselves (i.e.,
the inflorescences and culms). Additionally, in Rhus typhina plants studied by Luken (1987), the
developing fruits were green and capable of photosynthesis; carbon fixation occurring within the fruits
may have helped compensate for the carbon requirements of seed production. This could be the case
for the Piper species used in this study, as immature inflorescences were also green and possibly
photosynthetic. Therefore, if reproductive structures in certain plants are able to supplement their own
resource requirements, a large reduction in vegetative growth need not occur.
A final factor to consider with any study of resource allocation is that it is not clear which
resource represents the most important “currency” that a plant must spend to further either its
vegetative or reproductive growth (Bloom et al. 1985). Many studies, including the present one, have
assigned this role to carbon, and have focused upon differences in the growth of different plant
structures to determine patterns of resource allocation (Watson 1984). However other critical
resources, such as water or nutrients like nitrogen and phosphorus, may be more important than carbon
in the environments where they are limiting (Bloom et al. 1985). Therefore, in order for resource
allocation studies to be valid, they must measure costs in relation to the true limiting resource (Watson
1984). If carbon is not the limiting resource for Piper plants in San Luis, then changes in vegetative
growth would not be an indicator of resource allocation.
Data analysis did reveal that average leaf lengths were longer for Piper plants in the forest
understory than for Piper plants in the forest edge locations. This difference in leaf length may be
explained by differences in daily light levels between the two locations. Understory habitats are
characterized by lower light levels due to shading by canopy trees, receiving less than one percent of
full sunlight on average (Rundel & Gibson 1996). Furthermore, light in the understory is both spatially
and temporally variable throughout the day; in some cases “sunflecks” of direct sunlight penetrate into
the understory, and these sunflecks are important for temporarily enhancing photosynthetic rates in
understory plants (Rundel & Gibson 1996). These low and inconsistent light levels cause many
understory species to invest in the production of larger leaves, in order to both harvest as much sunlight
as possible and to increase the likelihood of intercepting a sunfleck (Rundel &Gibson 1996).
Therefore, the Piper plants in the forest understory may produce larger leaves in order to maximize
light capture; Piper plants along the forest edge can maintain smaller leaves, as sunlight is more direct
and consistent in this exposed location. This result suggests that light levels are more important in
determining leaf size in Piper sp. than is the diversion of resources for reproduction.
This study only considered differential resource allocation to leaves within a single plant. Thus,
it is possible that the non-reproductive Piper plants that were not considered in this study exhibited a
different resource allocation pattern than the reproductive Piper plants. Future studies could look at
both reproductive plants and non-reproductive plants to see if there is a difference in leaf size between
plants that are investing resources into reproduction and plants that are investing resources only into
vegetative growth. If non-reproductive plants had larger leaves on average, this could be one line of
evidence in support of differential resource allocation.
Another limitation of this study was the short time-scale of data collection; perhaps if changes
in individual plants were tracked between reproductive and vegetative states, long-term allocation
patterns would be elucidated. For example, Harper and White (1974) state that for Mangifera indica, a
large fruit crop results in lower production of vegetative shoots in the same year; this reduction in shoot
production might have been overlooked if the study did not extend throughout the year. Patterns of
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resource allocation can even emerge suprannually; in the study by Homlsgaard (1955, in Harper and
White 1974), F. sylvatica experienced a decrement in annual ring width for two years after a
reproductive masting event, signifying the need to replenish the carbon stores that had been used to
foster reproduction during the masting event. Thus, longer-term studies of resource allocation would
be useful to highlight patterns that are not visible in studies of short duration.
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FIGURE 1. Average lengths and widths (X ± SD) of Piper sp. leaves with opposing inflorescences and without opposing
inflorescences in San Luis, Monteverde, Costa Rica. Each average was based on N = 180 leaves. No significant difference
was seen between the averages in the two groups.
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FIGURE 2. Influence of Piper sp. leaf length on inflorescence height in San Luis, Monteverde, Costa Rica (N = 180). No
correlation was seen between these two dimensions. The dashed line represents the linear regression.
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FIGURE 3. Influence of Piper leaf width on inflorescence height in San Luis, Monteverde, Costa Rica (N =180). No
correlation was seen between these two dimensions. The dashed line represents the linear regression.
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FIGURE 4. Average lengths, widths, and inflorescence heights (X ± SD) of Piper leaves in forest edge and forest understory
locations in San Luis, Monteverde, Costa Rica. Each average is based on N = 180 leaves. There was no significant
difference between the leaf widths or inflorescence heights in these two locations, however leaf lengths were longer in the
forest understory than in the forest edge locations.
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